brain regions including cortex and hippocampus. While
the Rho family of small GTPases has been implicated in various aspects of neuronal function, these studies have largely focused on Rac, and little is known about the regulation of Rho in dendrites and spines. Our biochemical and morphological studies indicate that recruitment of Lfc by neurabin/spinophilin selectively regulates Rho-dependent organization of F-actin in spines leading to altered spine morphology. Moreover, our studies show that under basal conditions Lfc is associated with microtubules in dendrites, but that following neuronal stimulation Lfc translocates to spines. The interaction of Lfc with neurabin and spinophilin may therefore represent a link between the microtubule cytoskeleton in dendrites and the F-actin cytoskeleton in spines. Figure 1C) . Coimmunoprecipitation studies using a polyclonal anti-C-terminal region that includes the coiled-coil domain ( Figure 1A ). The complete sequence of the full-length body raised against residues 701-958 of Lfc indicated that neurabin and Lfc interacted in a rat brain homogerat Lfc cDNA was obtained using 5#RACE. As expected, a C1 domain was found at the N terminus (in protein nate ( Figure 1D , upper panel). Lfc also coprecipitated spinophilin from a rat brain homogenate ( Figure 1D , kinase C, this domain mediates membrane association and kinase activation via diacylglycerol binding [Nishilower panel). Since the coiled-coil region of neurabin can interact with spinophilin, a neurabin-spinophilin dizuka, 1992]). Dbl homology (DH) and pleckstrin homology (PH) domains followed; the DH domain accelerates mer could, in principle, interact with Lfc to form a coiled-coil trimer. Coimmunoprecipitation experiments guanine nucleotide exchange for Rho/Rac/Cdc42-like GTPases, and the PH domain is thought to function as were therefore repeated using brain homogenate from knockout mice that lack either spinophilin or neurabin. a targeting or regulatory module (Blomberg et al., 1999).
Results

The Rho Family GEF Lfc Interacts with Neurabin and Spinophilin
Deletion mutagenesis experiments confirmed that Coimmunoprecipitation of Lfc and neurabin (in the absence of spinophilin) or of Lfc and spinophilin (in the the coiled-coil domain of neurabin was required for the two-hybrid interaction; constructs lacking the coiledabsence of neurabin) was observed, confirming the vented their punctate coaccumulation, and Lfc and Figure 6K and Figure S2 ]. Field stimulation had no effect neurabin largely displayed nonoverlapping distribuon spine morphology (see Figure S3) . tions ( Figures 8S-8U ). Moreover, coaccumulation was We next examined the signaling mechanism involved not observed when neurabin-RFP was coexpressed in the translocation of Lfc from dendrites to spines. Diwith GFP-Lfc(⌬DH), a mutant lacking the GEF enzyrect support for the involvement of NMDA receptors matic domain (data not shown). Importantly, in the abwas obtained from studies that showed that stimulation sence of any association between neurabin and Lfc, or of neurons with either glutamate (Figures 7A-7E ) or in the presence of the C3 inhibitor, F-actin accumula-NMDA ( Figures 7F-7J ) resulted in rapid translocation of tion did not occur (as demonstrated using staining with Lfc from dendrites to spines, effects that were blocked phalloidin; data not shown). Similar results were obby the addition of APV. Moreover, the translocation was tained when full-length Myc-spinophilin was coexdependent on Ca 2+ influx, as addition of a high concenpressed with GFP-Lfc; the proteins clustered together tration of Ni 2+ (2 mM), used as a nonselective Ca
2+
with F-actin, and this was prevented by coexpression blocker, largely attenuated the translocation of GFP-Lfc with C3 inhibitor (data not shown). as well as the Ca 2+ influx ( Figure 7K ). In addition, no translocation was found for GFP-Lfc when Ca 2+ influx through Lfc Regulates Spine Morphology NMDA receptors and L-type Ca 2+ channels was blocked Together, these data indicate that either neurabin or spinophilin can organize the relocalization of Lfc from using APV and nimodipine ( Figure 7L ). Standard confocal microscopy techniques using stacked Z-series Samples were examined using a rhodamine filter. data were employed to rule out artifacts from shifting focus or Alexa Fluor 568 phalloidin and BODIFY 650/665 phalloidin (Mochanges in dendrite positioning. Within the same experimental lecular Probes) were used to stain F-actin filaments. Fixed and pergroup, the imaging parameters were kept constant, with the brightmeabilized cells (as described in immunocytochemistry below) est signal set to fit to the maximal dynamic range. A 50-100 m were incubated in PBS containing fluorescent phalloidin (5 units/ml, primary dendrite from each imaged neuron was used, and each diluted from a 200 units/ml stock solution in methanol) for 20 min at individual spine present on the dendrite was included. In most room temperature, washed three times with PBS, and mounted.
14DIV (K) or 17DIV (L). (K) The translocation of GFP-
Figure 8. Interaction of Neurabin and Lfc Regulates the Actin Cytoskeleton in a Rho-Dependent Manner (A-D) GFP-Lfc (green) and Myc-neurabin (white) were expressed either alone (A and B) or together (C and D) in N2a cells, and their distributions were studied by analysis of GFP fluorescence (GFP-Lfc) or by detection using an anti-Myc antibody (Myc-neurabin). Arrowheads point to regions in cells coexpressing both proteins where Lfc and neurabin coaccumulate. Coaccumulation was quantified in cells (with equivalent expression levels of GFP-Lfc and Myc-neurabin) by comparing the clustering of the two signals within a circular area of w11 M diameter. Clustering of both signals was observed in 81% ± 11% of cells (mean ± SD; >260 cells from three separate experiments). N2a cells expressing GFP-Lfc displayed a more rounded morphology with fewer neuritic protrusions compared to untransfected cells in the same culture, as might be expected following activation of the Rho signaling pathway. (E-H) Neurabin-RFP (red) and GFP-Lfc (green) were coexpressed in N2a cells, and their distribution was compared to that of F-actin detected using phalloidin (blue). (H) shows a merge of the signals in (E)-(G). Arrowheads point to regions of cells where the density of F-actin, Lfc, and neurabin is high. Clustering of both RFP and GFP signals was observed in 95% ± 5% of cells (mean ± SD, 210 cells from three separate experiments). (I-L) Neurabin-RFP (red) and GFP-Lfc (green) were coexpressed in N2a cells, and their distribution was compared to that of tubulin detected using a specific antibody (blue). (L) shows a merge of the signals in (I)-(K). Arrowheads point to regions of high density of Lfc and neurabin but not tubulin. (M-O) Neurabin-RFP (red) and GFP-Lfc(1-700) (green) were coexpressed in N2a cells, and their distribution was compared. Clustering of both RFP and GFP signals was observed in 5% ± 5% of cells (mean ± SD, 155 cells from two separate experiments). (P-R) Neurabin(286-1095)-RFP [Neur(⌬285)-RFP; red] and GFP-Lfc(1-700) (green) were coexpressed in N2a cells, and their distribution was compared. Clustering of both RFP and GFP signals was observed in 1% ± 1% of cells (mean ± SD, 210 cells from three separate experiments). (S-U) Neurabin-RFP (red) and GFP-Lfc (green) were coexpressed in N2a cells together with the rho C3 inhibitor, and the distribution of neurabin and Lfc was compared. Clustering of both RFP and GFP signals was observed in 16% ± 10% of cells (mean ± SD, 90 cells from three separate experiments). (O), (R), and (U
cases, cells were cotransfected with a red version of cytosolic fluoFor immunocytochemistry, cells were fixed for 20 min at room rescent protein (DsRed; Clontech) to visualize detailed morphology temperature with 4% paraformaldehyde in PBS. They were perand to outline the spines. Areas of interest were chosen based on meabilized with 0.3% Nonidet P-40 for 5 min, washed, and preincuthe red channel. The mean of fluorescence intensity from the GFPbated with 10% donkey serum (Jackson ImmunoResearch) in PBS.
Lfc channel was measured in three adjacent areas-spine, shaft, Primary antibodies (in PBS) were incubated with samples for 2 hr. and background-using ImageJ or Adobe Photoshop. Data were Samples were then washed and incubated with secondary donkey accumulated from multiple cells, and the ratio of corrected (subanti-mouse, anti-rabbit, or anti-guinea pig antibodies (Jackson Imtracted background) spine intensity to corrected shaft intensity munoResearch) for 1 hr. Samples were mounted and examined was determined and compared before and after stimulation. using a Zeiss LSM 510 confocal microscope. Images were taken using a 63×/1.2W objective. Multiple tracking mode was used for colocalization studies to minimize signal spillover.
Supplemental Data In studies of colocalization of neurabin and actin in N2a cells
The Supplemental Data include Experimental Procedures and four ( Figure S1 ) and neurons ( Figure S4 ), colocalization of GFP and figures and can be found with this article online at http://www. phalloidin signals was generated using the LSM510 confocal softneuron.org/cgi/content/full/47/1/85/DC1/. ware (version 3.2). The subtraction ratio of the two signals was generated to facilitate quantification. Images of colocalization were Acknowledgments generated from two separate signals, from which regions of cortical or filopodial areas were defined by the overlaid ovals (8 m × 5 m,
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